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PREFACE 


In 1995, NASA GRC initiated efforts to meet the US industry’s rising need to develop jet noise technol- 
ogy for separate flow nozzle exhaust systems. Such technology would be applicable to long-range aircraft 
using medium to high by-pass ratio engines. With support from the Advanced Subsonic Technology Noise 
Reduction program, these efforts resulted in the formulation of an experimental study, the Separate Flow 
Nozzle Test (SFNT). SFNT’s objectives were to develop a data base on various by-pass ratio nozzles, 
screen quietest configurations and acquire pertinent data for predicting the plume behavior and ultimately 
its corresponding jet noise. The SFNT was a team effort between NASA GRC’s various divisions, NASA 
Fangley, General Electric, Pratt& Whitney, United Technologies Research Corporation, Allison Engine 
Company, Boeing, ASE FluiDyne, MicroCraft, Eagle Aeronautics and Combustion Research and Flow 
Technology Incorporated. 

SFNT found several exhaust systems providing over 2.5 EPNdB reduction at take-off with less than 0.5% 
thrust loss at cruise with simulated flight speed of 0.8 Mach. Please see the following SFNT related 
reports: Saiyed, et al. (NASA/TM — 2000-209948), Saiyed, et al. (NASA/CP — 2000-210524), 

Fow, et al. (NASA/CR — 2000-210040), Janardan et al. (NASA/CR — 2000-210039), Bobbitt, et al. 
(NASA/CR— 201-210706) and Kenzakowski et al. (NASA/CR— 2001-210611.). 

I wish to thank the entire SFNT team of nearly 50 scientists, engineers, technicians and programmers 
involved in this project. SFNT would have fallen well short of its goals without their untiring support, 
dedication to developing the jet noise technology. 

Naseem Saiyed 
SFNT Research Engineer 
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Delta EPNLs at end of each model section 
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Bypass Ratio 5 cycles 


vs 
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Nozzle Pressure Ratio with ambient, - 


Bypass Ratio 8 cycles 



‘ainjejoduiox 3.103 
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560 H 




Hardware nomenclature: 
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Hardware designation: [model #][core nozzle][fan nozzle] 

Example: 3T24T48 = [model 3] with [24 tabs . on core nozzle] and [48 
tabs on fan nozzle] 



12 Chevrons Applied to External Plug Core N egate 




. 24 Chevrons A p pl ie d to Fan Nozzle 




Figure 6, 
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Figure 7. 

Vortex Generator Doublet Description 



Rofl-out Segment 


Isometric of Doublet 


Doublet Design and Installation Information 


Description 


• Doublets IHD&.) Ulin-l 


internal placement on the BPR*5, 
external clue core nozzle 


external placement on the BPR=5, 
external ploe core nozzle 


internal placement on the fan nozzle 
common to models 2-5 
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Figure 10. Fan Nozzle Flipper Tabs Example 
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Figure 12. Scarfed Fan Nozzle Schematic 





figure 13. Half Mixer Concept 
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Baseline Configurations for all models 
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Model 3: External plug, shortened fan, 5 BPR (work horse) 
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Xabie f . Separate Flow Nozzle Acoustic Test Summary. 
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Notes: (bit) » boundary layer trip 
(vg) = vortex generators 









Table 1. - AAPL Separate Flow Now!® Acoustic Test Summary (Concluded). 
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Notes: (bit) ~ boundary layer trip 
(vg) a vortex generators 

Total Number of Data Points include* background noise 













Table 2. Additional AAPL Separate Flow Nozzle Acouatlc Testing. 
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Table 3. AAPL Separate Flow Nozzle Phased Array (NASA) Teat Summary. 
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Table 4, AAPL Separate Flow Nozzle Phased Array (Boeing) Test Summary, 
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Table 5. AAPL Separate Flow Nozzle Plume Survey Teat Summary, 
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Note: For all configurations, M=.28 & Cycle 2/Point 21 where test conditions. 















































































































Table 8. AAPL Separate Row Nozzle (ft Camera Teat Summary. 
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Table 6. AAPL Separate Flow Nozzle )R Camera Test Summary (Concluded). 
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Engine cycle impact 







Internal and External Plug for 5 and 8 BPR engines 
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Impact of 12 Chevrons on core with baseline fan 
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1 2 Chevrons on core reduce jet noise with little mixing noise increase. 

BPR 8, External Plug 






Impact of 24 Fan Chevrons with 1 2 Core Chevrons 
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EPNL Benefits with Various Noise Suppresors 
External PI ug wi th 8 BPR engi ne 

„ ^ I Growth Takeoff (Vmixed = 1 050 ft/sec) - — I 
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Impact of Core tab count, 24 and 48, with 

baseline fan 



Frequency, Hz 

24 tabs on core create more mixing noise than baseline and 48 tabs. 

48 tabs mixing noise is identical to the baseline. 

BPR 5, External Plug 


Impact of Core chevrons, 8 and 1 2, with 

baseline fan 



Frequency, Hz 

8 Chevrons reduce the low-frequency noise more than 12 chevrons. 
Neither device has a high-frequency component above the baseline. 

BPR 5, External P 


Impact of Core Inward and Alternating chevrons with 

baseline fan 



Frequency, Hz 

Inward chevrons reduce the low-jfrequency noise WITHOUT appreciable 
high frequency noise, 

BPR 5, External Plug 



Impact of Core Internal and External Vortex 
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Impact of 24 Chevron Fan with Baseline Core 



mpact of 24 Chevron fan on 24-Tab core 
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Fan chevrons reduce the broad-band noise including the high frequency 
mixing noise for 24-Tab core, 

BPR 5, External Plug 




Impact of 24 Chevron fan on 48 Tab core 
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Impact of 24 Chevron fan on 12-Inward 

Chevron Core 



Frequency, Hz 

Fan chevrons significantly reduce! low-frequency noise and slightly 
increase the high frequency noise. 

BPR 5, External Plug 



Impact of 24 Chevron fan on 1 2- Alternating 

Chevron Core 



Fan chevrons slightly increasse the high frequency noise over the 
Alternating core chevrons. 

BPR 5, External Plug 


Impact of 24 Chevron fan on core Half-mixer 
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Fan chevrons increase the medium frequencies 
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Impact of Fan tabs (24 and 48) with baseline core 
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Fan 24 and 48 Tabs have same 
more more mixing noise than 4 ! 


Impact of Fan tabs (24 and 48) with 24 Tab core 
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48 Tab fan reduces low-frequency more than 24 tab. 


EPNL Benefits with Various Noise Suppresors 
External PI ug wi th 5 BPR engi ne 

Growth Takeoff (Vmixed = 1 200 ft/sec) 
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EPNL Benefits with Various Noise Suppresors 
External Plug with 5 BPR engine (completed) 



EPNL Benefits with Various Noise Suppresors 
External PI ug wi th 5 BPR engi ne (stati c and f I i ght) 

Current Takeoff (Vmixed = 1 1 50 ft/sec) 
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3T24T48 3T24T24 3T48T48 



BPR 5, External Plug Summary (Model 3 



NAS 


)8 


Note: Fan baseline column comparisons are made against the baseline core and baseline fan nozzles, 
Note: Fan chevron column comparisons are made against the core dgv ifig with baseline fan nozzles. 



BPR 5, External Plug Summary (Model 3) concluded 
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T48 coSuceC comparison Is made against the qq [§ ttevfea with T24 fan nozzle. 




BPR 5. Internal Plug Summary (Model 2 



Note: See notes 1 and 2. 
Note: See notes 1 and 2. 



BPR 5, External Plug Summary (Mode! 3) 
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High quality and quantity data (acoustics, plume flow field and source 
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Doublets did not provide any significant EPNL reductions 
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24 Tab fan reduced the jet noise but increased the transition and 
mixing noise 

48 Tab fan reduced the jet and the transition noise and increased the 
mixing noise 



Tongue mixer reduced jet noise and increased mixing noise. 
Data base in place to explore full-scale verification candidates 
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SEPARATE FLOW NOZZLE JET NOISE TEST STATUS 
MEETING at NASA Lewis Research Center 
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o Boeing’s Phased- Array Microphone System Source Noise Location Results 
o Discussion of Measured Acoustics and Related Aero Data 

J.Low / T, Barber / S. Bhat 
September 10, 1997 



AST TASK 14.2 JET NOISE TEST OBJECTIVE 
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engine/nacelle installations with minimal changes in 
engine and nacelle geometry. 



ir> 

® limit 

o 

g 

pmrn^ 


c 

03 

WD 

S3 


g 

£ 

W 

B? 

o 

pH 

£ 

2 w 

c3 a*. 

a TT* 
*£) 

Of) no 

.■£3 

'4wmI ) 

*pN 

£ 


o> 

-+-» 

Of) 

q> 


N 

N 

O 


o> 

fl 

+ r*4 


o> 

05 

c3 

PP 






NASA/CP — 2000-2 1 0524 



Nomenclature For Naming Nozzle Configurations 
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PW’s JET NOISE REDUCTION NOZZLE CONCEPTS 
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* Combinations of PW’s ‘‘best” core nozzle concepts and GE’s “best” fan nozzle concepts were also tested. 



PW’s 24 Flipper Tabs Core Nozzle 
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Sketch of the Tab Arrangement for the 24 Flipper Tabbed Core 

(6 up, 6 neutral, 6 down, 6 neutral) 
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PW’s 10 mini-lobed Core Half Mixer 
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PW’s 24 Flipper Tabs Fan Nozzle 
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PW’s Scarfed Fan Nozzle 
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PW’s Offset Centerline Fan Nozzle 
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Thomas J. Barber 

United Technologies Research Center 




CFD Analysis Parametrics 


NASA/CP- 


o 

T3 

<D 

ln> 

o 


CD 

D. 

CO 

0) 

CO 

> 


m 

wav 

o 


CO 

JC 


— (0 o 
CO 0 C 
C N 3 
< N ^ 

mtmm 

CO ^ 

d) *l. 

0 ^ 

S o 

W LL 

a> B ® 

> 5 ^ 

« <5 E 

2 Q, 0) 

rr <l> "5 

Y yj 

1 0“ 

C/5 Cl ^ 

<3* (50 ^ 


^3 

o 

13 

(7) 

>* 

c 

o 


cc 

T“ 

CT> 

^r 

ii 

Q. 

r"“ 


(/> 
CL 
£Z ^ 

o 5 


T 


CO 

T3 n 

O B 

O 

CO 

o 6 

• II 
CD 

^ s 

CO | 
\L I 


XJ 

m 

E 

9nt 

o 

<5 

Q. 

Cm* 

CD 

CD 

CD 

> 

CO 

CO 

o> 

T> 

!Z3 

CO 


CD CD 

<2 CD 
C CO 

0) W 

“O ,E 

C W 

h a_ h | 

(D CD 

I** 

(D r 

tmmmm \*7* 

w Cl 
C* </) 

MMtti ‘MM! 

"O <r 

IK Muni 

o 1 


w 

E 

o 

a. 

* 

in 

CO 


CO 


c 

y> .= 

HM O 

CL 

rnwmm ■mink 

<2 g 

v ° 

— 


O " 
CO ^ 
CO 


CO C 

m o 

CO CQ 
CO 


CD 4-* 

H~ 4) 

co a 

0 

CO O 

1 I 


- 2000-2 1 0524 


133 


- Blended Mixer (3HB): 1200K Points 

Results Referenced to Fan Nozzle Diameter (D) 




Schematic of HBPR Exhaust System 
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Axial Velocity 3BOmax 
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3BS/1D.S‘71334 3C12BUC.S’7i34l 3T24BU 0.5/1 484 3HmB(9O)/10.5"/ 1448 





Total Temperature Contours 
Axisymmetric & Offset Nozzles 
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REVIEW OF TEST RESULTS 
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MODEL #3 BASELINE NOZZLE EPNL VARIATIONS FOR REPEAT RUNS TAKEN 
UNDER A RANGE OF TEST DAY AMBIENT TEMPERATURES (29 deg. F - 74 deg. F) 



Vrnix (ft/sec) 





MODEL #3 BASELINE NOZZLE NOISE CURVE REPLOTTED AS EPNL vs VMIX/CO 
(NORMALIZED FOR AMBIENT TEMPERATURE DIFFERENCES) 



VMiX/CO 











REVIEW OF TEST RESULTS 
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Summary of EPNL Reductions for PW’s Nozzle Concepts Tested. 
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COMPARISON OF BASELINE AND SELECTED CORE NOZZLE CONCEPTS 

PNL DIRECTIVITIES 



1 60 





COMPARISON OF BASELINE AND SELECTED CORE NOZZLE CONCEPTS 
SPL SPECTRA at Baseline Nozzle Inlet Angle of 80 degrees. 








COMPARISON OF BASELINE AND SELECTED CORE NOZZLE CONCEPTS 
SPL SPECTRA at Baseline Nozzle Peak PNLT Angle (130 deg) 

1500-ft Sideline Flyover 



FREQ _ BAND 






COMPARISON OF BASELINE AND SELECTED CORE NOZZLE CONCEPTS 
NOY SPECTRA at Baseline Nozzle Peak PNLT Angle (130 deg) 

1500— ft Sideline Flyover 



FREQ _ BAN 







NASA/CP — 2000-2 1 0524 


150 











0.9 1.0 1.1 0.8 0.9 
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VMIX/CG VMIX/CO 
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Temperature profiles at 30" from fan exit 
Power condition 21. 








mmmtm 








3T24T24/10SW496 3T24T24H3“/i497 3T24T2418 n a498 



10524 




Phased array measurements for 
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Description of phased arrays 

Phased array measurements for the SFJN test at LeRC 
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Setup for the SFJN test 

Phased array measurements for the SFJN test at LeRC 
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Works well from 1000 to 50000 Hertz 


Phased Array Acquisition and Processing 

Phased array measurements for the SFJN test at LeRC 
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Separate Flow Jet Noise Reduction Test 
Model 3BB viewed with array B 
Run: 1115 Point: 21 Mach: 0.28 
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Review of Selected Results 

Phased array measurements for the SFJN test at LeRC 
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Review of Selected Results 

Phased array measurements for the SFJN test at LeRC 
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Separate Flow Jet Noise Reduction Test 

Model 3BB viewed with array A 
Run: 1113 Point: 23 Mach: 0,28 
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Separate Flow Jet Noise Reduction Test 

Model 3BB viewed with array A 
Run: 1119 Point: 23 Mach: 0.00 
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Review of Selected Results 

Phased array measurements for the SFJN test at LeRC 
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Separate Flow Jet Noise Reduction Test 

Model 3IC viewed with array A 
Run: 1109 Point: 21 Mach: 0.2S 
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Conclusions 

Phased array measurements for the SFJN test at LeRC 
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determine far-field spectra are promising 
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Area of Interest 14.3: Separate Flow Exhaust System Noise 
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Goal: 1 .5+ dB Jet Noise Reduction Relative to Separate Flow Designs 
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Baseline Nozzles: BPR 



"5; Internal Plug BPR=S; Exterr 

Model 2 Model 3 
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Separate Flow Nozzle with External Plug (3BB); BPR=5 

EPNL vs. Vmix 
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Separate Flow Test Status Meeting NASA Lewis, Cleveland, Ohio September 10, 1997 















Separate Flow Nozzle with External Plug (3BB); BPR=5 
Normalized EPNL vs Normalized Vmix 





BPR=5 Separate Flow Nozzles (IBB, 2BB, 3BB) - EPNL vs. Tamb 

Scale Factor = 8, Altitude = 1500 ft, M = 0.28 
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BPR=5 Sep Flow Nozzles; Coplanar (IBB), Int Plug (28B) & Ext Plug (3BB) 

Normalized EPNL vs Normalized Vmix 
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Normalized & Correlated Baseline Nozzle EPNL Database Will 
Be Used To Compare & Evaluate Tested Noise Reduction 
Concepts 



Noise Reduction Concepts Selected for Evaluation 
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Fan Nozzle Hardware is Common For Models 2 Through 5 




Noise Reduction Test Configurations of Model 2 
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Noise Reduction Test Configurations with Model 2 

BPR = 5, Internal Plug 
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Separate Flow Nozzle with internal Plug (2BB); BPR=5 
with Chevron and Doublets Fan Nozzle (2BC, 2BD) 
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Normalized Vmix {Vmix/camb} 
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Comparison of fan nozzle mixing enhancers- Sound power 

Model 2 1 50’ polar Scale factor=8 Mfj=.28 Cycle point 21 
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Noise Reduction Test Configurations with Model 2 

BPR = 5, Internal Plug 
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Separate Flow Nozzle with Internal Plug (2BB); BPR=5 
with Chevron & Tongue Mixer on Core Nozzle (2C12B, 2TmB, 6TmB) 



Normalized Vmix (Vmix/camb) 
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Comparison of combined nozzle mixing enhancers- Sound power 

Model 2 1 50’ polar Scale factor=8 Mfj=.28 Cycle point 21 
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Noise Reduction Test Configurations with Model 3 

BPR = 5, External Plug 
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Separate Flow Nozzle with External Plug; BPR=5 
With 24 Chevron Fan Nozzle (3BC) 
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Noise Reduction Test Configurations with Model 3 

BPR = 5, External Plug 
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Separate Flow Nozzle with External Plug; BPR^S 
With Doublet Noise Reduction Features on Core Nozzle (Di, Dx) 



Normalized Vmix {Vmix/camb) 
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Noise Reduction Test Configurations with Model 3 

BPR = 5, External Plug 
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Separate Flow Nozzle with External Plug; BPR=5 
With Four Different Chevron Core Nozzles (C8, Cl 2, 1, A) 
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Separate Flow Test Status Meeting NASA Lewis, Cleveland, Ohio September 10, 1997 
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Comparison of core mixing enhancers- Sound power 

Model 3 5 BPR Scale factor=8 Mfj=.28 Cycle point 21 
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Noise Reduction Test Configurations with Model 3 

BPR = 5, External Plug 
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Separate Flow Nozzle with External Plug; BPR=5 
With Four Different Core & Fan Chevron Nozzle {3C8C } 3C12C,3IC,3AC) 



GE Aircraft Engines 

feaj46/ AAPL03A,XLS/Chart7 








GENERAL ELECTRIC Aircraft Engines 



NASA/CP— 2000-210524 


237 


Separate Flow Test Status Meeting NASA Lewis, Cleveland, Ohio September 10, 1997 





















Comparison of combined mixing enhancers- Sound power 

Model 3 5 BPR Scale factor=8 Mfj=.28 Cycle point 21 
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1/3 octave center frequency 





Pel! Scale della SPl Surface with SPL Color Contours 
Back: aapl , Teat: 2222, Reading: 917, Conlfg: ,00Q 
MINUS Saafc aapl , Test: 2222, Readme; 90, Corsw: ,009 
PEAK PNtl = 90.S0 at 130,0 OEG, PEAK PNL2 - 88.40 at 110.0 DEG 
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Noise Benefits Relative to Baseline Model 3 
Tamfo * 50°F; Scale Factor « 8; Altitude “ 1500 ft; M * 0.28 
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Test Concepts Provide 0.5 to 1 EPNdB Benefit at Typical 
Cutback Condition 



Noise Reduction Test Configurations of Model 5 


« 

e 

4= 

s’ 

§ 


a, 

© 

© 

s 

o 

U 


© 

fiS 

o 

u 


© 

• mm 

© 

T3 

© 

© u 

5f3 *5 

• mm 

© ^ 

& 

© 


N 

N 

© 

£ 

C 

© 

fe 

p£3 


© 

© 

pj 

© 

on 

*© 

V 


|Jy| 

INI 

U 

in 


N 

N 

© 

T rr ~Mt 

F"““i 

© 

U 

© 

V 


NASA/CP— 2000-2 1 0524 


247 


With Core & Fan Nozzle Noise Reduction Concepts 
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Separate Flow Nozzle with Int Plug (4BB) & Ext Plug (5BB); BPR = 



GE Aircraft Engines 
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Separate Flow Test Status Meeting NASA Lewis, Cleveland, Ohio September 10, 1997 
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Separate Row Test Status Meeting NASA Lewis, Cleveland, Ohio September 10. 1997 
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Reduction Concepts 



SFNT97 Flow Field 
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Two-point hotwire measurements for 
turbulence models 
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SFNT97: Focused Schleiren 
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SFNT97: 2-Point Hotwire 
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Q: What is the frequency dependence of the 
space-time correlation matrix? (Space-time 
separation assumption) 




SFNT97: 2-Point Hotwire 
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function of radius, axial location, 
frequency. 




Expected Turbulence Results 
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Preliminary Flow Field Insights , Cont 
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LaRC SEPARATE FLOW 
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SEPTEMBER 10, 1997 



PROGRAM OBJECTIVES 
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EVALUATE POTENTIAL FOR ACTIVE 
CONTROL OF JET NOISE. 
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SECONDARY RAMPS. 




NAS A/CP— 2000-2 10524 


340 




BPR 



NAS A/CP— 2000-2 10524 


341 


CCC 3/27/95 


00 

:z 

o 


ui 

D £ 

< 

Q_ 







CM 

o 

JC 

o 

o 


o 



GP ‘INd 


or 

3 



3 


O 

3 

3 

CL 


O N 
3 N 
3 O 
Q_ Z 


3 

< 


a: 

3 


3 _| 
< 3 
3 3 
cr cd 
3 3 
1 — 3 
X 3 
3 CD 


< O □ 


o 



NAS A/CP— 2000-2 10524 


342 


NASA Langley Jet Noise Laboratory 





FUTURE STUDIES 


>h 

Q 

P 

H 

oo 

ffl 

oo 

C 

PQ 

< 

H 

< 

Q 

P 

H 

PQ 

P 

PP 


o 

u 


o 

HH 

H 

< 

P 

P 


00 

p 

c 

U 


P4 

pq 


p 

£ 

p 

^ QQ 

eg- 

d 5 

< H 

> 00 


w 

r ) ^ 

« P 

3 p 

< N 

S ^ 

P4 P 

o £ 

si 

pq p 

P P 
PQ Oh 

P &o 

§ £ 
g 2 

H H 
PQ C 

O Q 


£ 

O 

P 

o 

p 

o 

p 

< 


H 

55 

P 

H 

O 

Pp 

p 

H 

< 

P 

P 

< 

> 

P 


NAS A/CP 2000-2 10524 


343 
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Concluding remarks 
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Hardware & Instrumentation Layout 
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Baseline Nozzle Configuration 
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Isolated jet 
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LSAF 1043 - Installed Jet Noise 
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Schematic of Jet Noise Source Model 
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